Carbonation caused by atmospheric carbon dioxide is one of the major physicochemical processes which can compromise the service life of reinforced concrete structures. While the bulk of the carbonation reaction is that of calcium hydroxide, other constituents of the porous matrix can also carbonate and compete with calcium hydroxide for carbon dioxide. Particularly the carbonation of calcium-silicate hydrates and unhydrated constituents are neglected by most authors in carbonation prediction models. In this paper, a mathematical model of carbonation is extended to include additional carbonation and hydration reactions. The competition of the several reactions and their effect on the carbonation depth is investigated by dimensional analysis and numerical simulations. A parameter study emphasises that multiple internal reaction layers appear. Their position and speed essentially depend on the strength of the different reactions. It is also observed that, for a wide range of parameters, the effect of some of the additional reactions on the carbonation depth is small. In particular, a comparison with data from laboratory experiments justifies the neglect of the carbonation of the unhydrated constituents in prediction models. 
Introduction
Steel bars in reinforced concrete are protected from corrosion by the highly alkaline environment inside the concrete (pH ≈ 13). If the pH decreases in the environment of the reinforcement, this protection ceases and the steel bars can corrode. Consequently, the rusting of the reinforcement usually leads to a severe reduction of the durability of the structure. One of the main processes facilitating the destruction of the protection by alkalinity is carbonation, i.e. the reaction of alkaline constituents of the concrete with atmospheric carbon dioxide to produce carbonates. Detailed surveys and literature accounts on the carbonation problem and related aspects concerning the durability of concrete-based materials can be found, for instance, in [1, 2, 3, 4, 5, 6] and references therein. A short summary of the carbonation process is as follows: The atmospheric carbon dioxide diffuses through the unsaturated concrete pores, dissolves in the pore water, and then reacts with carbonatable solutes. These are available in the pore solution by dissolution from the solid matrix. The main carbonation reaction is that of calcium hydroxide. It may be described by CO 2 (g → aq) + Ca(OH) 2 (s → aq) −→ CaCO 3 (aq → s) + H 2 O.
(1.1)
Once produced, carbonates precipitate quickly to the solid matrix. Experimental evidence (cf. [4] , e.g.) suggests that the bulk of the carbonation reaction (1.1) is located on an internal reaction layer of a priori unknown width and position, which gradually progresses into the material (cf. [7, 6] , e.g.).
Other constituents in the concrete can also carbonate, particularly calciumsilicate hydrates (C-S-H), which are the major constituents of hydrated cement paste and occur with several stoichiometries, and the (C-S-H)-producing unhydrated phases dicalcium silicate and tricalcium silicate (C 2 S and C 3 S). In this paper, we focus on the carbonation of these constituents. Note, that there are more species like KOH, NaOH, Mg(OH) 2 and the aluminate phases which may also carbonate. However, we expect their influence on the overall carbonation to be of similar nature but not as strong. We refer to [1, 5, 8, 9, 7] for more details on the carbonation of all of these constituents.
Experiments suggest that the C-S-H phases start carbonating as soon as the available calcium hydroxide has been depleted via (1.1), cf. [10] , e.g. It is noteworthy that reasonable amounts of calcium hydroxide may still be present in the concrete at this time [11] . At the same time, C 2 S and C 3 S react with water to produce calcium hydroxide and C-S-H which is called hydration of concrete. We do not go into detail in what the modelling of the hydration is concerned but rather refer the reader to [12, 13, 14, 7] for fairly detailed descriptions of the involved physicochemical processes and to [15, 16] for a presentation of a few qualitative (mathematical) issues concerning some of the existing hydration models. Moreover, it is well-known that the ingress of chlorides and sulfates may essentially interact with the carbonation process to result in concrete corrosion [17] . In this work, we concentrate on the carbonation.
The carbonation reactions of the other carbonatable species are usually not as fast as that of calcium hydroxide but are still faster than the hydration reactions in the late stage of hydration considered here. (We consider the hydration process in its final period, i.e. much later than 28 days after the mixing.) However, all of these reactions still compete for carbon dioxide. It is the aim of this paper to qualitatively investigate the competition between the several parallel carbonation reactions in concretes with Ordinary Portland Cement (OPC). We follow the model by Papadakis et al. [7] to account for some remaining hydration reactions and study also the additional competition between hydration and carbonation of unhydrated constituents. This is particularly interesting since many authors neglect all of these aspects when modelling and simulating concrete carbonation, which consequently may lead to an over-estimation of the real carbonation depth. Besides the carbonation models already mentioned above, numerous other models exist taking into account different aspects of the carbonation process, e.g. the recent model of Bary et al. [18] . We refer to [9] for a literature review of known carbonation models. The mathematical model presented here is an extension of the model developed and tested in [19] extensively using ideas found in [7] to include the additional phases.
The main output of our model is the carbonation penetration depth, which indicates how far the reaction layer associated with (1.1) has advanced into the concrete sample at a given time. In [19, 7] , the dynamics of this layer was investigated for a simplified model. It was shown that the speed and width of the layer is strongly related to the Thiele modulus, a dimensionless number relating the reaction strength to the diffusion of CO 2 . In the present work, we also investigate the evolution of additional internal layers associated with the respective reactions of the other carbonatable constituents. Our study is based on a nondimensionalisation of the governing system of equations allowing easy comparisons and calculations of the relevant characteristic time scales. In order to focus on the influence of the various carbonation reactions, we make several simplifying assumptions, which are not valid for natural carbonation (uniform water saturation degree, e.g.; see below). Therefore, in the simulations we consider an accelerated test (cf. [7] ), for which the state of hydration is fairly certain at the beginning of the test and the level of the CO 2 concentration in the carbonation chamber is strongly increased. However, the modelling ideas can also be applied to natural carbonation, cf. [19] . We would also like to point out that some technical details and minor simulation illustrations are omitted in this work. They can be found in the report [20] .
An alternative modelling approach of the fast-reaction-slow-diffusion setting, which holds for carbonation, are moving-boundary models. Here, the internal reaction layers, which in the present model come out as part of the model output, can be explicitly incorporated in the models. We do not follow this approach, but refer to [21, 6] where various conceptually distinct movingboundary models are suggested and investigated for a simplified carbonation setting. We also mention a recent two-scale approach [22] that allows to take into account different spatial and time scales of the process in a more sophisticated manner as well as a new homogenisation approach for chemcial degradation mechanisms in porous media inducing an evolution of the microstructure [23] .
The paper is organised as follows: In section 2, for the sake of completeness, we present the chemical reactions that are accounted for in this model. In section 3, the mathematical model is formulated. Its nondimensionalisation is briefly described in section 4. There, we also list the relevant dimensionless numbers. The largest part of this paper is section 5. It contains a significant part of our numerical experiments. We particularly study the competition of carbonation and hydration reactions and that between the different carbonation reactions as well as their effect on the penetration curves. We also investigate the effect of changes in the rapidness of the carbonation and hydration reactions and the amount of available carbonatable constituents on the penetration curves and compare them to experimental data from [7] . Finally, we summarise the simulation results and conclusions in section 6.
Chemical reactions
It is known that if the hydration reactions are not complete, then some of the unhydrated constituents may carbonate (see [7] , e.g.). Consequently, we expect that a special competition between hydration and carbonation reactions may take place. Such a competition does not seem to be too significant in the case of accelerated testing, mainly due to the high hydration degree that is reached by the sample during the period before the accelerated test starts [9] . However, since much more CO 2 is available for reaction compared to natural carbonation, the effect might be stronger yet again.
Hydration reactions
The main species to be hydrated are 2CaO · SiO 2 (dicalcium silicate, C 2 S) and 3CaO · SiO 2 (tricalcium silicate, C 3 S). The products of their hydration are Ca(OH) 2 and C-S-H. There are at least five different morphologies and several possible stochiometries of C-S-H-phases which grow during the hydration process [13, 12, 24, 25] . In our approach, the exact morphology is not relevant, and, for definiteness, we restrict ourselves to the stoichiometric combination (3-2-3), i.e. 3CaO · 2SiO 2 · 3H 2 O, which we denote by CSH in what follows. Amorphous silica gel and calcium carbonate are usually the end products of carbonation (see [26] , [9] and references therein).
The hydration reactions of C 2 S and C 3 S are given by
respectively [12, 7] . These reactions are typically associated with the (porous) matrix space or the solid-matrix surface (as opposed to the pore space) at the late stage of hydration considered here. We assume that there is a sufficient amount of water available in the matrix space for the hydration reactions to reach completion.
Carbonation reactions
Aqueous carbon dioxide is consumed by several carbonation reactions. The main carbonation reaction is usually described by
3) Besides Ca(OH) 2 , another hydration product, CSH, as well as unhydrated constituents such as C 2 S and C 3 S are susceptible to carbonation. By [7, 3] , e.g., their carbonation reactions can be described via 6) respectively. The coefficient n represents an arbitrary positive number of moles of water that is conserved through the reactions (2.5) and (2.6). The carbonation reactions (2.5) and (2.6) do not directly affect the alkalinity of the concrete. We may account for this scenario provided the concrete is sufficiently wet and all carbonatable constituents are available to CO 2 . This can be viewed as a worst-case scenario regarding the impact on the overall carbonation.
Mathematical model
We focus on a part Ω of a concrete sample which is exposed to ingress of gaseous CO 2 from the exterior (figure 1). The domain Ω is chosen close to the exposed boundary Γ R , such that it contains the reaction layers. In the interior concrete sample
carbonation of C-S-H Fig. 1 . Schematic view of a concrete sample exhibiting two different carbonation layers. L is the width of the sample, and s(t) is the (main) carbonation depth (defined in (4.5)) which is usually visualised by a phenolphthalein test.
of the sample, Ω is bounded by Γ N which is chosen such that it is never reached by the reaction layer during the time interval of interest. At this internal boundary, no-flux conditions are prescribed for all active species in the model. Although the model is formulated independently of the space dimension, our numerical simulations only deal with one-dimensional situations. See also [19] for more details.
Basic notations
We introduce some concepts usually needed to describe reactive processes taking place in porous media (see [27] , e.g.). The region Ω is composed of the solid matrix Ω s and of the totality of pore voids Ω p . Furthermore, since the pore space is assumed to be unsaturated and carbonation is a heterogeneous process, Ω p can be thought of to be split into Ω a (the parts filled with dry air and water vapours) and Ω w (the parts filled with liquid water). We denote by the volumetric ratio φ := |Ω p |/|Ω| the concrete porosity and by φ j := |Ω j |/|Ω p | the air and water fractions, where j ∈ {a, w}. Cf. [7] , the porosity φ strongly decreases during the initial hydration period. In the late stage of hydration considered here, the change of porosity due to hydration is only very small. It is known that the carbonation of Ca(OH) 2 and C-S-H can cause a considerable change of the porosity during lifetime of the concrete structure (see [7] ). However, for the present qualitative study we assume that these effects only play a minor role and assume a constant concrete porosity. It is worth noting that the model presented below is conceptually capable of taking into account a time-dependent porosity and we refer to [19] for details on this. Throughout the paper, the space and time variables are denoted by x and t, respectively, where x ∈ Ω and t ≥ 0.
We denote the active mass concentrations by c CO 2 (g) (CO 2 in pore air), c CO 2 (CO 2 in pore water), c Ca(
, and c C 3 S (C 3 S). As the transport of moisture is assumed to play no central role in the present study, we consider a uniform moisture distribution throughout the sample.
Production terms
The kinetics of the carbonation and hydration reactions are assumed to be of power-law type. We follow the modelling approaches found in [7, 8, 28] . As in [7] , the production terms by hydration are defined as
where
Here, c 0 j denotes the initial concentration of species j, while the factor k hydr j is the reaction constant for the (hydration) reaction between constituent j and water. The exponents p j are the partial reaction orders of species j with respect to the hydration reaction. Referring to [7] , we choose p C 2 S = 3.10, p C 3 S = 2.65.
Following the approach in [8, 28] , the reaction rate of the dominant carbonation reaction (2.3) is defined as
is the reaction constant. The factor f hum (RH) describes the dependence of the reaction on the relative humidity RH and is defined as
To point out the structure of the carbonation-reaction rates associated with (2.4)-(2.6), we adopt some modelling ideas in [7] . For j ∈ {CSH, C 2 S, C 3 S}, we assume the production terms by carbonation to be is the reaction constant for the reaction between the constituent j and CO 2 (aq). The factor a s j represents the liquidexposed surface area of constituent j, which we assume constant. The factor Θ : R → {0, 1} is the Heaviside function (Θ(u) = 1, if u > 0, and Θ(u) = 0, if u ≤ 0). This modification ensures that the reaction can only take place if the corresponding reactant is available. There is some uncertainty about the ratio of the constants of reactions (2.3) and (2.4). Only a lower estimate can be found in the literature, namely
−3 (cf. [7] ). For the simulations, we select a value for k reac j such that the latter estimate is satisfied. Then, we point out the effect of varying k reac j on the penetration depth.
The interfacial mass transfer from pore air to pore water is assumed to be governed by Henry's law [29] . The exchange term is supposed to have the
44 74 18 100 342 228 172 Table 1 Molar masses of the active species, cf. [30] .
where C ex is the interfacial mass-transfer coefficient and C Henry represents the dimensionless Henry constant.
We implicitly assume instantaneous dissolution and precipitation of the other carbonation reactants and products. Moreover, we assume no-flux boundary conditions for the concentrations of all diffusing species (i.e. for c CO 2 (g) , c CO 2 and c Ca(OH) 2 ) at the interior boundary Γ N . At the exterior boundary, Γ R , Robin boundary conditions are imposed for c CO 2 (g) while no-flux conditions are applied for all other diffusing species. The flux of c CO 2 (g) across the exterior boundary is expressed as f 
Mass balances
We formulate the macroscopic mass balances for CO 2 in both phases (gaseous and liquid) and for Ca(OH) 2 , CaCO 3 , CSH, C 2 S and C 3 S in the liquid phase. The fact that the latter species should actually be associated with the solid matrix is taken care of via the structure of the reaction-rate constants.
We formulate the system of reaction-diffusion equations independent of the space dimension. In the formulation of the mass balances, we make use of some additional notation, namely m j (the molar mass of species j; see table 1), D j (the effective diffusivity of species j, i.e. the product of pore diffusivity and tortuosity) and ν (the outer normal unit vector at the boundary of Ω). Based on the discussion above, the complete model can be formulated in the following manner: For x ∈ Ω and t > 0, we have the mass balances
The system is completed by initial conditions,
as well as no-flux conditions at Γ R and Γ N for all diffusing species except for c CO 2 (g) , where we prescribe a Robin condition at Γ R ,
For consistency, we formally included the factors φφ w in (3.7e)-(3.7g). It is worth noting that the formulation (3.7) remains valid if the porosity φ and the air-and water-fractions, φ a and φ w , depend on space or time. Moreover, the cement chemistry and the ambient conditions are described by (3.7h) and (3.7i).
Dimensional analysis
The full system (3.7) is transformed into a dimensionless version (for dimensional analyses of related problems, cf. [19, 7, 6, 29] ). In order to obtain a proper scaling of the concentrations, we define maximal concentrations. If diffusion in water is considered sufficiently slow compared to diffusion in air, then, taking into account the stoichiometry of the involved reactions, it follows that the following constants are upper bounds for the corresponding concentrations: The characteristic diffusion time for CO 2 (g), which is the fastest species involved, is
We also introduce the following dimensionless quantities 
The Thiele modulus Φ 2 (for specific details, see chapter 4 of [29] , e.g.) refers to the main carbonation reaction of Ca(OH) 2 . The characteristic time of the carbonation reaction of Ca(OH) 2 is essentially shorter than the characteristic times of the carbonation reactions of the other species and of the hydration reactions. Based on data from [7] , we have Φ 2 ≈ 860, R 6 ≈ 6, R 7 ≈ 4, R 8 ≈ 3, H 7 ≈ 4 · 10 −4 and H 8 ≈ 2 · 10 −4 . Moreover, the characteristic diffusion time of CO 2 (g) is by a factor of 10 −6 smaller than those of all other species.
The dimensionless production terms are
(4.4) We also refer to the report [20] for further details.
The position of the carbonation-reaction front (referring to carbonation of Ca(OH) 2 ) is defined by an isoline of the Ca(OH) 2 -concentrations, u 3 , namely
Definition (4.5) has been suggested in [4] and is motivated by its connection with the change in the pH value which is measured in experiments. Note that in [19] , an alternative definition of the front is given which is based on an isoline of the CaCO 3 concentration u 5 . In the simplified model considered in [19] , only reaction (1.1) was taken into account, and, therefore, both definitions are equivalent as long as the diffusion of Ca(OH) 2 is considered sufficiently slow. Since, in the present setting, CaCO 3 is also produced by other reactions, its concentration profile cannot serve as a proper indicator for the carbonation progress. For related issues and other definitions of the position of the carbonation front, see also the moving-boundary approaches in [31, 6] . In particular, in the latter reference, the position of the carbonation front is defined via a dynamic non-local law and its speed is proportional to the carbonation-reaction rate.
Simulation results

Implementation details
We consider a part of a concrete sample of width L = 3 cm (1d-situation). We solve the system (3.7) numerically in one space-dimension on the interval (0, L) by the finite element method. This is accomplished by first deriving an appropriate weak formulation of the system and then employing a semidiscretisation in space on a uniform mesh of width h = 1/(n − 1) by the Galerkin method together with a standard mass-lumping scheme. For the test and trial functions, first-order splines are used. The nonlinear terms f reac j and f hydr k are approximated by the trapezoidal rule. The resulting stiff system of 8n ordinary differential equations is numerically integrated using the MATLAB solver ode15s which is a variable-order solver for stiff equations based on numerical-differentiation formulas. The simulations in this section are obtained having chosen n = 80.
Simulation setting and general results
As in [19] , we simulate an accelerated carbonation test based on data from [7] . In the carbonation experiment described in [7] , an OPC sample with water-tocement ratio R w/c = 0.50 is exposed to 50% CO 2 (g), RH = 65% and ϑ = 30
• C in the carbonation chamber. As discussed in section 3.1, we assume a constant concrete porosity in the late stage of hydration considered here. It is given by φ = 0.22 and we have φ a = 0.85 and φ w = 0.15. The initial values of the carbonating species are given in table 2 and the reaction constants are listed in table 3. The diffusivity of CO 2 (g) is given by D CO 2 (g) = 20 cm 2 /d. Typical values of the remaining parameters can be found in [19] .
0.077 0.043 0.0047 0.0015 Table 2 Initial values of the carbonating species (cf. [7, 19] ). Table 3 Numerical values of the reaction constants (cf. [7, 19] ). Compared to the simulation results of the simplified model [19] , the results differ only marginally. In figure 2 , we show the dimensionless concentration profiles of CO 2 (g) and Ca(OH) 2 . Due to the fast carbonation reaction of Ca(OH) 2 , there is a sharp decrease in its concentration profile. The concentration profile of CO 2 (g) is not as sharp since CO 2 (g) needs some time to get to the reaction zone. We note that the profile of CO 2 (aq) is quite similar to that of CO 2 (g) due to the fast exchange between the air and water phases. Moreover, the additional profiles of the concentrations of CSH, C 2 S and C 3 S (not plotted here) show a similar behaviour to that of Ca(OH) 2 . It can be observed that due to the hydration reactions, the concentrations of C 2 S and C 3 S also decrease in the uncarbonated part of the concrete sample, while those of CaCO 3 and CSH increase. However, these effects are comparably small.
Since an extensive study of the effects due to variations of some of the relevant parameters was performed for the simplified model in [19] (where CSH, C 2 S and C 3 S are neglected), we concentrate here only on effects due the additional phases. First, we compare the influence of each carbonation reaction on the penetration depth (cf. section 5.3). We then investigate the influence of each carbonation reaction, in particular the consumption of CO 2 by each reaction and the alternate neglect of CSH, C 2 S and C 3 S (cf. section 5.4) as well as the effects due to a variation of the carbonation-and hydration-rate constants (cf. section 5.5). The influence of the amount of additional constituents available to carbonation is considered in section 5.6. 
Competition of parallel carbonation reactions
We first compare the influence of each carbonation reaction on the penetration depth. In figure 3 , the dimensionless production terms η reac j , j = 3, 6, 7, 8, are plotted. It can be observed that the strongest carbonation reaction is that of Ca(OH) 2 , followed by that of CSH. The reaction strengths associated with C 2 S and C 3 S are essentially smaller. The reaction zone associated with Ca(OH) 2 -depletion is the most narrow and furthest advanced into the concrete sample at any given time. On the other hand, the reaction zone of CSH is the widest and also lagging behind the most. The width of the reaction zone associated with C 2 S is somewhere in between, while that related to C 3 S is quite similar to that of Ca(OH) 2 (apart from the magnitude of the reaction rate). This last effect can be explained by the comparably small amount of C 3 S available to carbonation.
Since we expect a strong competition for CO 2 by the carbonation reactions, we are particularly interested in how much CO 2 is consumed by each reaction. Under the assumption that CSH, C 2 S and C 3 S cannot diffuse, we can calculate the amount of CO 2 , which has been consumed by each carbonation reaction, in each point after any given time. The amount of CO 2 consumed by carbonation of each reactant is plotted in figure 4 . It can be observed that all four species compete for CO 2 . However, the amount of CO 2 consumed by the carbonation of Ca(OH) 2 is much greater than that of all other species. Namely, for the chosen set of parameters, the amount consumed by carbonation of Ca(OH) 2 is three times as great as that of CSH, 20 times as great as that of C 2 S and roughly 50 times as great as that of C 3 S. It is also worth noting that the reaction zone associated with Ca(OH) 2 is always ahead of the other reaction zones. This fact agrees with the experimental observations in [10] . 
Influence of each carbonation process on the carbonation depth
Since other models usually neglect the effect of CSH, C 2 S and C 3 S, we are interested in evaluating how great their impact can be on the carbonation of Ca(OH) 2 . Therefore, we consider two special cases and compare them to the full scenario: in the first case, we neglect CSH, C 2 S and C 3 S; in the second case, we neglect C 2 S and C 3 S. Recall that the carbonation depth s(t) (cf. (4.5)) is defined via an a priori chosen isoline of the concentration profile of Ca(OH) 2 . Therefore, we consider the amount of produced CaCO 3 as well as the carbonation depth in the above two cases. Since C 2 S and C 3 S do not consume much CO 2 compared to CSH and Ca(OH) 2 , it is reasonable to investigate their collective influence on the carbonation. The results obtained neglecting C 2 S and C 3 S are compared to those of the full scenario in figure  5 . It can be observed that the carbonation of CSH affects the simulated carbonation depth as it consumes CO 2 which would otherwise be available for carbonation of Ca(OH) 2 . The influence of C 2 S and C 3 S, on the other hand, seems to be negligible.
Variation of carbonation-and hydration-rate constants
As the carbonation-and hydration-rate constants cannot be directly measured [cf. 7, 32, e.g.], we want to illustrate the effects due to their variation. The effect of the variation of the Thiele modulus on the carbonation penetration depth was extensively investigated in [19] . Therefore, we concentrate on the reaction and hydration rates of CSH, C 2 S and C 3 S.
In figure 6 , the dimensionless production terms η -dotted) . The circles in the right plot denote experimental data from [7] .
rate constants of the carbonation of CSH, C 2 S, and C 3 S have been chosen 10 times and 100 times greater. For the 10 times greater reaction rates, it can be observed that the carbonation depth is smaller than in the standard setting (cf. fig. 7 , right). This is due to the fact that CO 2 is consumed by the carbonation of CSH, C 2 S and C 3 S more quickly. Therefore, it is not available for carbonation of Ca(OH) 2 . Moreover, the concentration profiles of CSH, C 2 S and C 3 S (not shown) appear steeper and it can be seen that, in this setting, all reaction zones almost coincide.
If the carbonation-rate constants of CSH, C 2 S, and C 3 S are chosen 100 times greater than in the standard setting, it can be observed that the reaction zones of these additional phases overtake the one associated with Ca(OH) 2 . Nevertheless, this is due to the fact that there is not as much CSH, C 2 S and C 3 S available for carbonation as there is Ca(OH) 2 . Therefore, these phases are used up faster and the associated reaction zones advance more quickly. As in the previous setting, the carbonation depth is only slightly affected. Regarding this last observation, recall that s(t), defined by (4.5), does not recover this faster advancement of the reaction zones of the additional phases.
If the reaction-rate constants of CSH, C 2 S and C 3 S are chosen significantly smaller than in the standard setting (multiplying them by a factor of 1/10 or 1/100, e.g.), then the influence of the additional phases just decreases steadily.
In figure 7 , the concentration profile of CaCO 3 and the carbonation depth are shown for the three settings considered above, and, as a forth setting, for 10 times faster hydration-rate constants than in the standard setting. The overall hydration process is assumed to be in its final phase. Therefore, it is almost complete at the beginning of our simulations. However, some small competition effects can be observed. The concentration profiles of C 2 S and C 3 S (not plotted) show a considerable deviation while the influence on the carbonation depth is rather small. The dotted and solid lines in figure 7 almost obtained with carbonation-reaction rates 10 times faster (dashed) and rates 100 times faster (dash-dotted) than in the standard setting (dotted). The solid line corresponds to 10 times faster hydration-reaction rates than in the standard setting and almost coincides with the output of the latter. The circles in the right plot denote measured penetration depths from [7] .
coincide. It is worth mentioning that even a multiplication of the hydrationrate constants by a factor of 1000 does not have a significant effect on the carbonation depth.
In summary, the variations of the hydration-rate constants have virtually no influence on the model output in the late stage of hydration considered here. [7] .
The variations of the reaction-rate constants of CSH, C 2 S and C 3 S have a small influence.
Influence of the amount of available constituents
In order to investigate the influence of different amounts of carbonatable constituents within the cement paste, we present simulation results for different initial values of CSH, C 2 S and C 3 S. The consideration of different initial values of CSH can also be viewed as considering different Ca(OH) 2 -to-CSH ratios.
In figure 8(left) , the carbonation depth is plotted for 20% higher and 20% lower initial concentration of CSH and compared to the standard setting. The same results for 20% higher and lower C 2 S and C 3 S initial concentrations are shown in figure 8(right) . It can be seen that the influence of such a change on the carbonation depth is small.
Summary and Conclusions
The mathematical model of concrete carbonation presented in [19] has been extended to take into account several parallel carbonation and hydration reactions. This extended model consists of a coupled nonlinear system of ordinary and partial differential equations describing the mass balances of the active species. To allow easy comparisons of the importance of the involved carbonation and hydration reactions, the system of equations has been transformed into a dimensionless form. Using numerical simulations of an accelerated carbonation test, the influence of each single reaction on the penetration depth has been investigated in detail. Experimental results from [7] were recovered. The following conclusions can be drawn:
Compared to the simplified model in [19] , which neglects carbonation of the C-S-H phases and of the unhydrated components C 2 S and C 3 S, the numerical simulations show that the latter two constituents only have a small influence on the total outcome in the late stage of hydration considered here. This effect occurs even if we assume that all of C 2 S and C 3 S are completely accessible to their carbonation reactions. Therefore, it seems reasonable to neglect them in carbonation prediction models. All involved species compete for carbon dioxide. This competition slows down the carbonation of calcium hydroxide since less carbon dioxide becomes available to carbonation. This effect, causing a reduction of propagation speed of the carbonation layer, was of noticeable extent only for CSH. Under natural conditions, experiments suggest that the influence of the carbonation of C-S-H phases might become even smaller (cf. [10] ) because of the worse accessibility of carbon dioxide to C-S-H and the possibly lesser amount of C-S-H available in the concrete (owing to uncomplete hydration, e.g.). On the other hand, for concretes with high C-S-H content, this influence might be stronger yet again. For a large range of parameters, we observe that distinct internal layers, where the carbonation reactions are localised, are formed and travel through the material. Each of them can be associated with one specific carbonation reaction. In contrast, the hydration reactions occur fairly uniformly as long as unhydrated constituents are available. Assuming larger hydration reaction constants has virtually no influence on the carbonation depth while larger reaction rate constants associated with the additional species result in small changes of the carbonation depth. An increase or decrease in available additional reactants by 20% virtually does not affect the carbonation depth. The fact that the reaction layer associated with CSH lags behind that of calcium hydroxide, which was observed experimentally in [10] , is recovered in our simulations.
The assumptions of the model need to be revised in order to broaden the range of applicability of the model to atmospheric carbonation, where, in particular, the effect of C-S-H and unhydrated constituents on the penetration depth is not a priori clear. Furthermore, in situations where C-S-H carbonation has a noticable influence, the importance of resulting porosity changes, and hence changes in the diffusivity of CO 2 , need to be further investigated. 
